[1] Ground magnetic disturbances in equatorial regions are directly connected to the spatial and temporal variations of the ring currents, which have both the symmetric and asymmetric components, as well as many local-time-dependent M-I currents. In this study, we applied the wavelet analysis technique, which is especially appropriate for the data with impulsive and time-dependent spectral features, to the magnetic records from multiple low-latitude stations in order to study the dynamic behaviors of the symmetric and asymmetric parts of the ring currents for both quiet and storm conditions. First, we decomposed the magnetic records into various details in the wavelet spectral domain and systematically studied the temporal and frequency properties of the magnetic disturbances for various geomagnetic and seasonal conditions. Then we performed wavelet cross-spectrum analysis on the data from multiple stations in both UT and LT time frames in order to separate and elucidate the effects of the symmetric and asymmetric parts of the ring currents. Our results show that slow time-varying components of the ring current are largely globally symmetric, and during quiet periods, the magnetic effect of this symmetric part is comparable to that of the asymmetric (or local-time-dependent) part. During storm periods, the magnetic disturbances associated with both the symmetric and asymmetric parts of the ring currents increase significantly, but the increase of the symmetric ring current is much larger than that of the asymmetric current and it becomes dominant during storm periods. This result is based on the statistical study of multiple-day timescale variations. For shorter timescales such as the main phase of storms, the asymmetric component could be stronger than symmetric component. Our results also indicate that there are substantial residues of the magnetic effects of local-time-dependent currents left in the Dst index, and this further proves that the Dst is not an ideal index for the description of the symmetric ring current.
Introduction
[2] The magnetosphere-ionosphere contains a number of current systems, such as the ring current, tail current, fieldaligned current, and various electrojets in the ionosphere. These currents vary on a wide range of spatial and temporal scales and physically couple with each other. To study the complicated behavior of these coupled current systems, the ground-based magnetometer has been a useful tool, but the recorded magnetometer data are always multiscale and impulsive due to the nature of these current systems.
[3] One of these current systems, the ring current system, is considered to be the main contributor of the geomagnetic variations in equatorial regions. The ring current mainly consists of 10 -200 keV ions and electrons that drift azimuthally around the Earth at radial distances of about 2-7 Earth radii (RE). The main enhancement of the stormtime ring current occurs at distances of L < 4 [Xie et al., 2006] . The ring current has symmetric and asymmetric parts. In the conventional ring current picture, the symmetric ring current consists of trapped particles with closed orbit while the particles with open convection paths create an asymmetric or partial ring current [Le et al., 2004] .
[4] In order to describe the symmetric and asymmetric components in the ring current, several indices have been developed. The symmetric components of the ring current are reflected by global symmetric enhancements of geomagnetic activities in equatorial regions, which are presumably described by the Dst index. The idea of the Dst index was initially created by Kertz [1958 Kertz [ , 1964 and Sugiura [1964] , and a derivation scheme was proposed later [Sugiura and Hendricks, 1967] . The Dst was originally designed to describe the variations of the symmetric ring current. However, over the years, it has been a consensus of the space science community that with the specific Dst derivation procedure, the index actually has significant components of the asymmetric ring current and other localtime-dependent currents [Campbell, 1996 [Campbell, , 1999 [Campbell, , 2004 . By using both low-latitude and midlatitude magnetometer data, a set of high-resolution indices, SYM-H and ASY-H, were developed later on [Iyemori et al., 1996] and used by the community [Wanliss and Showalter, 2006; Weygand and McPherron, 2006] to describe the variability of the symmetric and asymmetric parts of the ring current. Because the SYM-H and ASY-H use a similar approach as the Dst to eliminate the Sq current effect, which is simply based on the data of the five quietest days of the month, the separation of the magnetic effects of the symmetric and asymmetric parts of the ring current in the SYM-H and ASYM-H indices is basically on the same level as in the Dst, and there is a significant cross-contamination between the SYM-H and ASY-H. Separating the magnetic effects of the symmetric and asymmetric components of the ring current is still an unsolved issue, and an ongoing scientific task for the space science community. The study of the variability of the symmetric and asymmetric ring currents separately would greatly improve our understanding of the dynamics of the M-I current system.
[5] To separate the magnetic effects of the symmetric and asymmetric components of the ring current and to study their characteristics, we apply the wavelet spectrum analysis to the geomagnetic horizontal (H) components observed by four stations in the equatorial regions. The wavelet method has been applied increasingly in geophysics studies recently [Rees et al., 2003; Nayar et al., 2006; Jach et al., 2006; Heslop, 2007] . It is a more advanced technique than the Fourier Transform that is conventionally used for frequency domain analysis, such as the procedure of the Dst index. The Fourier Transform only shows information in frequency domain and has constant frequency spectra, but the Wavelet Transform presents information in both temporal and frequency domains and is especially suitable for data with time-dependent spectra, such as magnetometer data.
[6] In this work, the H components of magnetometer data are decomposed into different levels of details by using a specific wavelet transform and a systematic study of the temporal and frequency properties of the magnetic disturbances for various geomagnetic and seasonal conditions is performed. Then the wavelet cross-spectrum analysis on the data from multiple stations is conducted, in both UT (Universal Time) and LT (Local Time) frames, to separate and elucidate the magnetic effects of the symmetric and asymmetric parts of the ring current.
Data and Method
[7] The magnetometer data are selected from four geomagnetic observation stations which are also used to produce the Dst index. The locations of these stations are shown in Table 1 and they are basically longitudinally symmetric in the equatorial regions. The data are in 1-minute time resolution and cover the whole year of 2001. The data from SJG, KOK, HON are formatted in HDZ components, but the data from HER are formatted in XYZ components, where the H is the horizontal component, the D is the declination angle, the Z is the vertical component, the X is the north component, and the Y is the east component. We use the H components in our spectrum study, therefore the X, Y components of the HER data need to be converted into the H component.
[ Figure 1 . The Dst index is overall in the range of 30 nT for quiet periods. For storm periods, the Dst has several disturbances which have magnitudes over 50 nT.
[9] For wavelet analysis, a specific wavelet technique called the Maximum Overlap Discrete Wavelet Transform (MODWT), which is a non-orthogonal modification of the Discrete Wavelet Transform (DWT), is chosen to transform the H components of geomagnetic data into different frequency levels of variations which are called details and smoothes. The MODWT has the strengths of the DWT, which contains the information in both temporal and frequency domains, but it addresses some shortcomings of the DWT, such as the restriction of the sample size to powers of 2 and the sensitivity to the starting point of signal series [Percival and Walden, 2000] . Since the different details are related to the frequency variations of different timescales after the MODWT decomposition, the geomagnetic variations connected with these details are separated by the frequencies of their sources. The linear correlations of these variations from different geophysical locations are compared in different time frames to investigate whether they are globally symmetric or asymmetric.
[10] The following is an example of wavelet analysis for the H component of magnetometer data. Figure 2 shows the details of 1-day H component from SJG station after applying the MODWT. Different frequency variations are represented by different Details. Detail 1 (D1) to Detail 10 (D10) are related to the variations of the periods from 2 -4 minutes to 2 10 -2 11 minutes (about 17-34 hours). The Smooth 10 (S10) is the rest of the H component excluding all the details and shows the slow varying component in the 1-day variation. If all these details and smoothes are summed together, the original H component is recovered. Figure 2 clearly shows that properties of the details change in time. The MODWT analysis which presents information with multiple spectra in both temporal and frequency domain at the same time is more advanced than Fourier Transform which only presents information in frequency domain and has constant frequency spectra. In this work, we study the temporal and frequency properties of the magnetic disturbances for various geomagnetic and seasonal conditions.
[11] The cross correlation analysis, which means that the linear correlation coefficients are calculated across the same level details between different stations, is applied to the MODWT details. Both universal and local time frame are used in the cross correlation studies. Since the four geomagnetic stations are chosen, there are six pairs of comparison for either UT or LT frames. For LT frame, the data are shifted to LT zero of SJG station in this work. The reason that the cross correlation analysis is performed in both UT and LT frames is that the global symmetric components should have greater correlations in UT frame and the asymmetric components should have greater correlations in LT frame. The comparison of correlations on different levels of details can show how symmetric and asymmetric components behave in terms of different frequencies. The comparison for quiet and storm periods can demonstrate how the symmetric and asymmetric components change from quiet to storm periods.
[12] Additionally, the magnitudes of different details are analyzed and compared with each other. The average magnitudes of each station are calculated by summing absolute values and dividing by the time span for each case. These results present the difference of magnitudes among different details and stations during quiet and storm periods. Since the details are related to different frequency variations, the greater magnitudes of details show the stronger variations. It also indicates the strengths of magnetic disturbances for quiet and storm periods. [13] After decomposing the magnetometer data with the MODWT, the same level of details from different stations are put together in UT frame and compared systematically. Similar patterns are found in the details above D11 in Figure 3 . These patterns vary approximately in phase in UT frame. There are peaks around the same times in all four stations during day 10 and 14 in D11 and D12 as shown in Figure 3 . The in-phase disturbances observed by all four equatorial stations indicate that these are global symmetric compo- nents that are from the enhancements of the symmetric ring current.
[14] The details of D8, D9, and D10, which are close to diurnal variation, are also compared in UT frame as shown in Figure 4 . These are complicated patterns that are connected with different local-time-dependent sources, such as the Sq variation, substorms, tail current, and partial ring current. The Sq variation contributes to the diurnal variations. The tail current contributes to the night-side variations [Friedrich et al., 1999] . The substorm effect lasts several hours. These effects form the complicated patterns showed in Figure 4 and these are asymmetric components or localtime-dependent components.
[15] Because the visual inspection does not provide quantitative information, the cross correlation analysis is applied to get further information from different levels of details and to investigate the symmetric or asymmetric relationship between them. The cross correlation analysis means that we calculate the correlation coefficients between the details at the same levels across different stations. These coefficients tell us how these details are linearly related to each other in UT and LT frames. Greater coefficients in UT frame mean that the details have more globally symmetric variations, lower coefficients in UT frame mean that the details have more asymmetric variations.
[16] The coefficients are calculated in UT frame from D8 to D13 for the quiet period, 5 -19 January 2001, and are shown in Table 2 . First result shown in Table 2 is that there is a jump between the coefficients of D10 and D11. The average of the coefficients above D10 is over 0.78 while the coefficients from D8 to D10 are averaged at 0.30. D11 to D13 are more linearly related between the four stations than D8 to D10 in UT frame. The results indicate that the details are separated in to two parts, the details above D10 and those at and below D10. The details above level 10 are the globally symmetric parts which come from the symmetric ring current variations. These variations are not in the range of diurnal variations, so they are not affected by the Sq variation and other diurnal variations. The details of D8 -D10 are close to diurnal and semidiurnal variation periods. The local-time-dependent components, such as the Sq variation, substorms and the tail current, have significant effects in the variations of D8-D10.
[17] After comparing the correlation coefficients in UT frame, the coefficients are calculated in LT frame from D8 to D13 for the same quiet period (5 -19 January 2001). Greater coefficients in LT frame mean that the details are more related to local-time-dependent components. The results are shown in Table 3 . The coefficients above level 10 decrease to an average of 0.56, which further indicates that the details above D10 are symmetric in global scale. The coefficients of Detail 13 do not reduce much because D13 is a long period variation considering the several-hour shift. The more interesting part is that the coefficients of D8 to D10 did not clearly increase after the time frame shifted from UT to LT. The reason is that in diurnal variation there are both local-time-dependent component, such as the effects of the Sq variation, and global symmetric component such as the effects of the ring current. None of them are dominant in quiet periods. So the coefficients in UT or LT frames are not significantly different in D8 -D10.
[18] Since the comparison of the LT coefficients shows that the symmetric and asymmetric components are comparable to each other in D8 -D10 and the Sq effect is still there, we feel there is a need to remove Sq effect and see if there will be any difference of the coefficients. As in the Wavelet Index of Storm Activity(WISA) procedure [Jach et al., 2006] , the median values at the same minute of daily curves in D8 -D10 during this quiet period are pulled out to combine a quiet day curve and removed from the original details. Now the rest of D8 -D10 are the details with the Sq variation removed. Then, the correlation coefficients of these details with the Sq effects removed are calculated and compared with the original ones for both UT and LT frame. As shown in Table 4 , the coefficients in UT are not obviously increased. Neither are the ones in LT. This indicates that during the quiet period neither the localtime-dependent components nor global-dependent components are dominant. The Sq variation is only a part of the local-time-dependent variations. This result implies that using quiet day curve to remove the Sq variation is not sufficient to remove the local-time-dependent components in the observations. Since the Dst index uses the quiet day curve to remove the local-time-dependent components from the observations, the Dst index is not a clean index for describing symmetric ring current.
[19] After using these correlation coefficients to compare which details have more symmetric or asymmetric components, the magnitudes of different level details are compared with each other to study the strengths of different components. The overall average of absolute magnitudes during the quiet period is shown in Table 5 . The magnitudes of D8 to D10 are at the same level as D11 to D13. Their relative magnitudes are close to each other except that D10 of HON and HER are much stronger than D11 -D13. These results also indicate that the local-time-dependent or asymmetric component in diurnal variation is comparable to the global symmetric component during quiet periods. [20] As the conclusion for quiet periods study, the details above D10 are mainly symmetric components coming from the slowly varying symmetric ring current. The details of D8 -D10 are related to diurnal variation which contains some local-time-dependent or asymmetric components. The Sq-removed study shows that there are still residues of local-time-dependent components after using the quiet day curve to remove the Sq variation from diurnal variation. The strengths of symmetric and asymmetric components are comparable to each other as shown by the magnitude study.
[21] Another quiet period, 22 June to 7 July 2001, is studied to confirm these conclusion. The results of correlation coefficients study and magnitude study, shown in Table 6 and Table 7 , are consistent with the results from the first quiet period case study.
Storm Periods Study (18 March to 3 April 2001 and 15-30 October 2001)
[22] As the comparison to quiet periods study, the same analysis is performed on the storm period during 18 March to 3 April 2001.
[23] The magnetometer data are decomposed into details with the same MODWT method and compared systematically. As shown in Figure 5 , the details of D11 -D12 show similar disturbances in UT frame. These are the symmetric components of slow variations coming from the symmetric ring current. The details of D8 -D9 are shown in Figure 6 and their features are quite different from those of quiet periods. There are more clearly shifted patterns in Figure 6 than those of quiet periods in D9. These are local-timedependent or asymmetric components connected with diurnal variation. The asymmetric patterns are enhanced during storm periods.
[24] After the visual comparison, the correlation coefficients study is applied to these details. The results of the correlation coefficients are shown in Tables 8 and 9 . In Table 8 (UT frame), the jump of coefficients between D10 and D11 is as obvious as that of quiet periods study, but the coefficients are greater than those in quiet periods. The average of D8 -D10 is around 0.49 while the average of D10 -D13 is around 0.98. In Table 9 (LT frame), the average of D8 -D10 is around 0.25 while the average of D10 -D13 is 0.72. The coefficients of both D8-D9 and D11 -D13 in UT are greater than those in LT. This indicates that not only the slow variations (multiple-day scale) coming from the ring current during storm periods are mainly global symmetric components but also the variations near daily scale have more symmetric components. The greater coefficients in UT during storm periods indicate that the symmetric component increases because of the enhancements of the symmetric ring current during storm periods. [25] The correlation coefficients of the details with removed Sq for this storm period in D8, D9 and D10 are also calculated. The results are shown in Table 10 . Coefficients of D8 and D9 increase about 0.10 and 0.12 after removing the Sq variation from original coefficients, but coefficients of D10 are almost as same as before. The results indicate that the Sq variation in D8-D9 is more significant during storm periods than during quiet periods. After removing the Sq variation, the remains of diurnal variation have more symmetric components than these during quiet periods. These are caused by the enhanced ring current.
[26] Since symmetric components exist in both D8 -D10 and D11 -D13, the magnitude analysis is applied to find out which details have more strength of symmetric components during storm periods. The average magnitudes are shown in Table 11 . The results are quite different from those of quiet periods. All details are enhanced during the storm period, which means both asymmetric and symmetric components are enhanced during the storm period. The magnitudes of D11 -13 count for about 70 percent of the total variations. The symmetric components dominate during the storm and can be pulled out to represent the variations of the symmetric ring current for multiple-day scale study during storm periods. It needs to be mentioned that the symmetric components dominate during storm periods is the result from the statistic study for the timescale of multiple days. For the shorter timescale like the main phase of storms, the asymmetric component could be stronger than the symmetric component.
[27] Furthermore, another storm period during 15 -30 October 2001 is also studied. The results in Table 12 and 
Conclusion and Discussion
[28] In order to separate the global symmetric variations in the magnetic disturbances, which reflect the variations of the symmetric ring current, from the asymmetric variations caused by local-time-dependent or asymmetric components, such as the Sq variation, the tail current and other currents, the MODWT method is used to study the wavelet spectra of the H component of geomagnetic observations. After the H component is decomposed into different time series, the MODWT details, which represent different variations on different timescales, visual comparison study, wavelet cross-spectrum analysis, and magnitude comparison study are performed to investigate the characteristics of symmetric and asymmetric components on various timescales for both quiet and storm periods. The results are summarized as follows.
[29] 1. The slow time-varying components of the ring currents are largely globally symmetric as indicated by the visual comparison study of the wavelet details and the wavelet cross-spectrum analysis. For both quiet and storm times, there are in-phase variations in details above level 11, which are connected to variations of multiple-day timescale, shown by the data of all Dst stations. The wavelet crossspectrum correlation study shows that these slow timevarying components have highly linear relationship between these stations for both quiet and storm periods in UT frame. During storm periods, these components are more globally symmetric than those during quiet periods, due to the enhancement of the symmetric ring current. The visual comparison study and the wavelet cross-spectrum analysis also show that significant asymmetric or local-time-dependent components exist in the details of diurnal timescales. They are also enhanced during storm times due to the enhancements of the asymmetric current sources, such as partial ring current and tail current.
[30] 2. The magnetic effect of the symmetric components is comparable to the effect of the asymmetric (or local-timedependent) components during quiet periods, but dominates during storm periods. The magnitude study shows that the strength of the symmetric components counts for about 40% of all variations during quiet periods but over 70% during storm periods. During storm periods, the magnetic disturbances associated with both the symmetric and asymmetric parts of the ring currents increase significantly, but the increase of the symmetric ring current is much larger than that of the asymmetric current and it becomes dominant. This result is based on the statistical study of multiple-day timescale variations. For shorter timescales such as the main phase of storms, the asymmetric component could be stronger than symmetric component.
[31] 3. The comparison of cross correlations between original and Sq-removed details shows that using quiet day curve is not sufficient to remove the asymmetric (or local-time-dependent) components from the observations. Since the Dst index uses the quiet day curve to remove the Sq variation, the Dst index is not a clean index to describe the variations of the symmetric ring current.
[32] All these results present a statistical and quantitative picture of the symmetric and asymmetric variations in the geomagnetic H component spectrum. The details above level 11 are globally symmetric variations and can be used to investigate the large timescale variations of the symmetric ring current, especially during storm periods. For the future work, the wavelet analysis can be applied to midlatitude and high-latitude stations to reconstruct the variations of the symmetric ring current. When the method is also applied to the Z component, the reconstructions of symmetric variations in H and Z components can be used to investigate the spatial and temporal changes of the symmetric ring current. 
